The natural resistance of Erythrophleum fordii Oliver wood to degradation by Phanerochaete sordida and Phanerochaete chrysosporium white-rot fungi was investigated. In this study, Fagus crenata Blume (Japanese beech) was selected as reference species. The results showed that both fungi caused less than 2% mass loss in E. fordii wood, while the degradation of beech wood produced by P. chrysosporium and P. sordida was approximately 12 and 14%, respectively. Microscopic observations revealed high structural rigidity of E. fordii timber. Hyphae were only observed in the lumen of vessels and parenchymal cells, while the fibers were not affected. The E. fordii wood fiber consisted of highly lignified thick-walled fibers with the fiber lumina almost completely closed. Two-dimensional heteronuclear single-quantum coherence nuclear magnetic resonance evaluation revealed the E. fordii wood to have a highly condensed-lignin structure that reflected by the durability classes. These unique parameters are likely to be critical for the high natural resistance of E. fordii.
excavated and modern wood [12] . Considering the medicinal and antifungal properties of different parts of the plant, it is suggested that E. fordii wood would exhibit these properties. However, there are limited reports on natural durability of E. fordii wood.
Various organisms can induce wood to deteriorate, and the greatest level of deterioration is caused by fungi. White-rot fungi are among the most efficient degraders of plant fiber (lignocellulose), and are capable of degrading cellulose, hemicellulose, and lignin. They commonly cause rotten wood to feel moist, soft, spongy, or stringy, and to appear white or yellow [13] [14] [15] . Wood undergoes a number of changes during the decay process, including reductions in mass and strength [16] [17] [18] . Significant changes occur in the chemical composition of the cell wall during the fungal attack [16] . Attack of fungi causes a decrease in mechanical and physical properties of wood, influencing its moisture content, electrical conduction, acoustics, elasticity, and plasticity [19, 20] .
The degradation of wood by white-rot fungi has been reported [21] [22] [23] . Different methods have been applied to investigate wood decay, including microscopy techniques [24] [25] [26] ; differential scanning calorimetric [27] ; X-ray diffraction [28] ; gas chromatography-mass spectrometry (GC-MS) spectroscopy, chemical analysis [29, 30] ; Nuclear magnetic resonance (NMR); and Fourier transform infrared spectroscopy [31] [32] [33] . Two-dimensional (2D) NMR techniques in the cell wall and lignin research have improved over the past decade [34] . Among various 2D NMR spectroscopic techniques available, Heteronuclear Single-Quantum Coherence (HSQC) is the most common. Solution-state 2D NMR provided an interpretable structural fingerprint of the lignin and carbohydrates of the cell wall, without further structural modification applied during the ball milling and ultra-sonication step [33, 35] .
In this study, microscopic observations and chemical analyses were performed to illustrate the structural and chemical changes of the E. fordii wood degraded by white-rot fungi Phanerochaete chrysosporium Burdsall and Phanerochaete sordida (P. Karst.) J. Erikss. & Ryvarden. The deterioration of E. fordii wood will be discussed and compared with Fagus crenata Blume (Japanese beech) wood. Investigation of natural resistance of E. fordii wood to wood decay fungi is essential for better understanding the characteristics of this wood, and for determining appropriate procedures to conserve archaeological waterlogged E. fordii wood.
Materials and methods

Materials
Samples of E. fordii and F. crenata Blume (Japanese beech) wood, 20 × 20 × 5 mm (tangential × radial × longitudinal dimensions), were cut from defect-free heartwood parts and used for further testing. The E. fordii wood was obtained from woods collection of Vietnamese Academy of Forest Sciences, Vietnam, while beech wood was received from Xylarium, RISH, Kyoto University, Japan.
Sulfuric acid was purchased from Wako Pure Chemical Industries, Ltd., Japan. Dimethyl sulfoxide-d 6 (DMSO-d 6 ) was obtained from Sigma-Aldrich, USA.
Wood decay testing
Wood samples were exposed to two white-rot fungi P. sordida ATCC 90872 and P. chrysosporium ATCC 34541 for 4 weeks. The wood samples were oven-dried at 103 °C for 24 h and weighed prior to fungal exposure. The 3.8% potato dextrose agar (PDA) aqueous solution was steamsterilized at 120 °C for 20 min. In the next step, about 20 ml of PDA medium was poured into a 90 mm Petri dish. Fungi were cultivated in Petri dishes on PDA medium. After inoculation, Petri dishes were held at 28 °C and 70% relative humidity to enable the fungi to spread over the entire dish. The specimens (n = 3 for each fungus) were steam-sterilized under the same conditions and then placed on the medium. After 4 weeks of incubation, the mycelia covering the blocks were removed carefully, and the blocks were oven-dried to constant mass. The mass loss (W) of individual samples was calculated from the ovendried mass before and after fungal test, and used to calculate mean percentage of mass losses:
where W 0 is oven dry mass of sample prior to exposure and W f is the oven dry mass following exposure to fungus.
Light and scanning electron microscopy observation
Optical microscopy
Small wood blocks, 2 × 2 × 2 mm (tangential × radial × longitudinal dimensions), were prepared from the nondegraded and biodegraded wood specimens. The specimens were dehydrated in a series of increasing concentration of acetone baths and embedded in Spurr resin [36] . The embedded specimens were cut at approximately 1 µm thickness with a semi-thin microtome (Leica, Solms, Germany) equipped with a diamond knife. The sections were stained with toluidine blue for 3 min and then washed with distilled water for 1-3 min. The sections were observed using an optical microscope (BX51; Olympus, Tokyo, Japan) to investigate patterns of hyphal and decay of wood tissue.
Scanning electron microscopy observation
The nondegraded and biodegraded specimens, 3 × 3 × 2 mm (tangential × radial × longitudinal dimensions), were prepared from internal part of samples. The clear wood surfaces were prepared using a microtome (TU-213, Yamato Scientific Co., Ltd., Japan). The specimens were freeze-dried for 2 days and then coated with platinum using an auto fine coater (JFC-1600, JEOL, Japan) operated at 30 mA for 90 s. Field-emission scanning electron microscopy (SEM, JSM-7800F prime, JEOL, Japan) was operated at an accelerating voltage of 1.5 kV.
Chemical analysis
Lignin content
Klason lignin content was determined in samples before fungal exposure. The nondegraded wood was powdered in a coffee grinder. The measurement was carried out on sieved material (in the range 60-100 mesh, corresponding to 0.15-0.25 mm). The lignin content was determined in triplicate following the TAPPI method [37] , which is based on the isolation of Klason lignin after the hydrolysis of the polysaccharides (cellulose and hemicellulose). The wood powder was immersed in concentrated sulfuric acid (72%) for 4 h. In the next step, the solution was transferred to an Erlenmeyer flask and diluted to 3% acid concentration with distilled water. These samples were boiled for 4 h. The acid-insoluble lignin was then filtered off, oven-dried, and weighed.
2D HSQC NMR analysis
To provide more detailed structural information, 2D HSQC NMR experiments were performed on nondegraded and degraded samples. The selected samples were grinded using laboratory-scale Mixer Mill MM301 (Retsch, Germany) for 5 min. The extracted wood powder was finely ball-milled in a Mono Mill P-6 (Fritsch, Japan) centrifugal ball at 550 rpm for 3 h. Approximately 0.4 g of finely ball-milled wood powder was suspended in 2.8 ml DMSO-d 6 in a plastic tube and sonicated in an ultrasonic cleaning bath for 30 min. In the next step, the diluted solution was moved to an NMR tube. The 2D NMR spectra were recorded using a Bruker AVANCE III 600 MHz UltraShield instrument (Bruker, Germany) operated at 600 MHz. Bruker pulse program hsqcedetgpsp.3 was used for the HSQC experiments. The spectral widths were 16 ppm (9615 Hz) and 100 ppm (15,091 Hz) for the 1 H(δ H )-and 13 C(δ C )-dimensions, respectively. The number of points (TD) was 2048 for the 1 H-dimension with a recycle delay of 1.2 s. The number of transients was 12, and 256-time increments were recorded in the 13 C-dimension. The optimum direct coupling ( 1 J CH ) used was 145 Hz. A semi-quantitative analysis of the integrals of the HSQC cross signal was conducted using Bruker Topspin 3.5 NMR software, and calculated based on the number of 100 aromatic units:
S + S � ∕2 + G + G � = total integral of aromatics. Relative integral value of the specific signal × per 100 aromatic units = 100 × (Integral-X)/(total integral of aromatics).
where S is syringyl lignins; G is guaiacyl lignins; S, S′ is the integration of S 2,6 , S′ 2, 6 , respectively. G, G′ is the integration of G 2 , G′ 2 , respectively.
Results and discussion
Mass losses
All wood specimens were completely colonized by external mycelia after 4 weeks of incubation. The mean percentage mass losses of two wood species caused by different whiterot fungi are shown in Fig. 1 . The mean mass loss of E. fordii wood caused by P. chrysosporium and P. sordida was only 2%. However, these values for beech wood were 12 and 14%, respectively. After exposure to these fungi, the tested samples were subjected to further microscopic observations and chemical analyses.
Light and SEM microscopic observations
Microscopic examinations of the woody biomass revealed different patterns of degradation between E. fordii wood and beech wood (Figs. 2, 3) . A little degradation was observed in Fig. 1 Mean percentage mass loss in Erythrophleum fordii Oliver wood and beech wood after 4 weeks of exposure to two white-rot fungi. Error bars represent the standard error the vessel and parenchymal cells of E. fordii wood (Fig. 2a 1 ,  a 2 ), while vessels and fiber cells of beech wood were deeply eroded by P. chrysosporium (Fig. 2c 1 , c 2 ) . P. sordida caused defibrillation through dissolution of the middle lamella in some parenchyma of E. fordii wood, while fiber areas were still intact (Fig. 2b 1 , b 2 ) . Besides, the defibrillation process occurred in several beech wood tissues (Fig. 2d 2 ) . The E. fordii wood had very thick-walled fibers with the fiber lumina almost completely closed (Fig. 2a 1 ) . Because of the uniqueness of fiber structure, there was a little space for the development of hypha and hence limited the fungal degradation process.
During the decay process, changes in the structure of wood were hard to observe using light microscopy, while Fig. 2 Cross sections of E. fordii wood and beech wood after 4-week exposure to whiterot fungi: a 1 -a 2 E. fordii wood exposed to P. chrysosporium; b 1 -b 2 E. fordii wood exposed to P. sordida; c 1 -c 2 beech wood exposed to P. chrysosporium; SEM clearly showed how the cell lumina were occupied by fungal hyphae. Hyphae were only observed in the lumen of vessels and parenchymal cells of E. fordii wood, while the fibers remained undamaged (Fig. 3a 1 , b 1 ) . Conversely, the hyphae were extended over whole tissues in beech wood (Fig. 3c 1 , d 1 ) . The difference in decay mechanism of P. chrysosporium and P. sordida was obviously witnessed. The P. chrysosporium showed no selectivity to lignocellulose. The wood cell walls were eroded and the middle lamellae were degraded by activity of P. chrysosporium (Fig. 3a 2 ,  c 1 ) . This is different from P. sordida white-rot fungi which preferentially degraded lignin instead of polysaccharides, causing defibrillation of wood (Fig. 3d 1 -d 3 ) . These microscopic observations are consistent with previously reported [20, [38] [39] [40] . SEM observations revealed that fungi colonized its hyphae in vessel members and then penetrated the neighboring parenchyma cells of E. fordii (Fig. 3a 3 ) or fiber cells of beech wood (Fig. 3c 2 ) to promote degradation. Furthermore, observations in the radial direction showed the penetration of hyphae from vessel lumen into adjacent cells via vessel pits (Fig. 3b 3 ) , and vessel-ray pits were destroyed by fungal activity (Fig. 3c 3 ) . This observation was supported by findings from the previous studies, which reported that hyphae tended to colonize the vessel lumen of infected hardwoods [41] , then branch through simple or bordered pits to open pits, and resolve the hyphal penetration [16, 42] .
Chemical characterization
Natural resistance to decay is one of the most important properties of wood, and is affected by the combination of wood density and the content and composition of lignin and extractives [43] [44] [45] . The antifungal test of E. fordii wood extractives was also performed. The results showed that E. fordii extractives were unable to inhibit the growth of fungi (see supplemental data). Therefore, the lignin structure is thought to be critical for resistance to degradation.
Lignin monomer composition and distribution among cell types and within different cell layers were the chemical parameters determining wood durability [46] . Based on TAPPI T222 om-98 examination, E. fordii wood had a higher Klason lignin content than beech wood. These values are 33.4% (0.14) and 20.6% (0.15) for E. fordii and beech wood, respectively. The numbers given in the brackets are standard deviation. Table 1 , as previously described [23, 47, 48] . The results of a semi-quantitative analysis of the integrals of the HSQC cross signal are listed in Table 2 . The differences between the spectra of fungal-degraded and nondegraded woods were observed. Cross peaks were observed at 106.2/6.47 (G c ) and 107.4/6.26 (G′ c ) ppm, which can be assigned to guaiacyl-condensed units. This is due to that correlation around 6.5/110 ppm can be assigned to C 6 -H 6 correlation of 4-O-5 structures based on the NMR data of lignin models, as previously reported [47] . However, the presence of the equivalent G units could not be unequivocally established. The most significant difference between lignin structures of E. fordii wood and beech wood was that the former had a new signal determined as G′′ c (Table 2) . Although this signal was slightly shifted to 108.5/6.90 ppm, it can be assigned to C 2 -H 2 correlations on the aromatic rings of 4-O-5-linked unit [47, 48] . It is also indicated that the structure of condensed lignin contents a substituent in the C-5 position, e.g., 5-5, β-5, and 4-O-5 structures [49] . The G/S-ratios of E. fordii were also higher than those of beech wood. Therefore, the main difference in the molecular structures of E. fordii and beech wood is the more condensed nature of E. fordii lignin. The localization and structure of lignin are important wood properties, because G are more strongly cross-linked, and therefore, more resistant to chemical degradation than lignin with a high S [43] .
Analysis of the 2D HSQC NMR spectra of E. fordii wood (Fig. 4a-c) before and after fungal exposure revealed similar signals for lignin and polysaccharide moieties, including cellulose and hemicelluloses. The lignin intensities of degraded woods with their characteristic one-bond δ C /δ H correlation at 108.5/6.90 (G′′ c ) were lower than those of nondegraded samples. On the other hand, the polysaccharide signals at 100.5/4.56 (M 1 ), 73.1/4.46 (X′ 2 ), and 74.8/4.80 (X′ 3 ) ppm of degraded and nondegraded samples were substantially less significant. Besides, these lignin and polysaccharide intensities of E. fordii wood exposed to P. chrysosporium were slightly lower than those of P. sordida.
In contrast to E. fordii wood, analysis of the 2D HSQC NMR spectrum of beech wood revealed a significant decrease in both lignin and polysaccharide signals (Fig. 4d-f ). The C 2 -H 2 and C 6 -H 6 in syringyl units were lower in treated woods because of fungal activity. The C β -H β correlation in β-O-4′ substructures (A β ) was observed at δ C /δ H 83.5/4.30 for β-O-4′ substructures linked to S units, at δ C /δ H 86.3/4.04 for β-O-4′ substructures linked to G units, which decreased after the fungal test. Decreasing signals of other lignin substructures were also identified in the HSQC spectra. A strong signal for resinols (B α ), phenylcoumaran (β-5′) substructures (C α ), and spirodienone (D α ) decreased in the wood treated with P. chrysosporium, while those values were relatively unchanged in the wood exposured to P. sordida. In addition to lignin removal, the NMR spectrum of the white-rotted wood also revealed a simultaneous increase in polysaccharide signal, especially for wood treated with P. chrysosporium. This may be because P. chrysosporium produced more extracellular slime called sheath, composed of β-glucan, in the sample analyzed and that the signal was observed at δ C /δ H 103.1/4.30 for β-d-glucopyranoside. While variations do exist concerning wood species, P. chrysosporium is well known to be a simultaneous white-rot fungus causing decay of lignin, cellulose, and hemicelluloses at the same rates. The P. sordida exhibited preferential delignification, as reported previously [20, [46] [47] [48] . These findings are consistent with microscopic observation.
Wooden cultural properties are degraded by fungi (brownrot, white-rot, and soft-rot fungi) and bacteria (erosion, tunneling, cavitation, etc.). These processes, at the same time, are driven by different environmental factors which have not been explicitly explored within this study. Although further examinations are needed, the characteristic of a fungi-resistance E. fordii wood presented in this study is of particular relevance to the highly condensed lignin content as well as the compactness of wood fibers. This explains why E. fordii wood can survive underground for centuries, even for a millennium. The internal part of excavated E. fordii wood is sometimes intact and does not need to be preserved. In such cases, conservation of the degraded outer layer with Table 1 for signal assignment an appropriate consolidation agent may be sufficient for this particular wood species.
